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- ABSTRACT

PHILCO WDL-TIN62-9 . UNCLASSIFIED
j' ANALYSIS AND DESIGN OF FEEDBACK DISCRIMINATORS

W. R. Wood/Antenna Systems Laboratory 91 Pages

31 December 1962 Contract No. AF04(695)-113

| The Analysis and Design of Feedback Discriminators applies
o to both systems engineering and hardware design. The report
.- develops a linear equivalent model, analyzes the model,

| examines transient response, gives thresholds, presents a

s design procedure, and states hardware considerations. The
design procedure is illustrated by an example.

THIS UNCLASSIFPIED ABSTRACT IS DRSIGNED FOR RETENTION IN A
STANDARD 3-8Y-5 CARD-~SI1ZE FILE, IF DRSIMED. WMERE TwE
ABSTRACT COVERS MORE THAN ONK SIDE OF TMR GARD, THE ENTIRE
RECTANGLE MAY BE CUT OUT AND FOLODEID AT THRE DOTTED CENTER
LINE. (IF THR ABSTRACT 18 CLASSIFIRD, NOWEVER, IT MUST NOT
SE REMOVED FROM THE DOCUMENT IN WMICH IT IS INCLAUODED.)
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FOREWORD

This Technical Note on Definitive Contract AF04(695)-113 has been
prepared in accordance with Exhibit "A" of that contract and Paragraph
4.2.2 of AFBM 58-1, "Contractor Reports Exhibit," dated 1 October 1959,
as revised and amended.

This Technical Note attempts to provide the reader with an under-
standing of the mechanism by which feedback discriminators operate and
to systematize the procedure for designing a feedback discriminator.

This document was prepared by Philco Western Development Laboratories
as a supplement to the basic "Multipurpose Receiver Study,' TR1850, and
is fulfilling the requirements of Paragraph 1.2.1.2 of Exhibit 61-27A,
"Satellite Control Subsystem Work Statement!, dated 15 February 1962,
as revigsed and amended.

~iii-
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DEFINITION OF TERMS

Term (")
Maximum carrier amplitude

Maximum incremental noise amplitude
Equivalent IF pole

Loop natural resonant frequency

IF noise bandwidth (low pass equivalent)
Loop noise bandwidth

RF noise bandwidth (low pass equivalent)
Low pass filter pole

Time varying IF signal

Loop S-plane output (at low pass filter output)

-

Time varying input signal
Output time response

Loop S-plane error

Maximum VCO amplitude
Feedback gain factor

Equivalent 8-domain loop input

Arbitrary filter input

Carrier frequency deviation

Total loop time domain loop input (frequency)
Equivalent time domain loop inmput

Modulation frequency

Inverse Laplace transform of F(s)

~viii-
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lait

volts
volts
rad/sec
cps

cps

cps

cps
rad/sec
volts

volts/rad/
sec

volts
volts

cps/rad/
sec

volts
unity

cps/rad/
sec

volts/rad/
sec

cps
cps
cps
cps

volts
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G(s)
G, (s)

Gy (s)
G4(s)

Gf(f)

G,(s)

H(jw)

n(t)
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DEFINITION OF TRRMS (cont'd)

Ierminology
Arbitrary filter transfer function

Bquivalent IF low pass transfer function

Low pass filter and gain constant transfer func-
tion

Desired transfer function

A

Equivalent noise spectral density

Weiner optimum transfer function
H(s) with s = jw

Maximum absolute value of VCO output transfer
function

S-plane VCO output

Bessel function of first kind nth

ment

order and argu-

Amplifier gain constant

Discriminator transfer constant

VCO transfer constant

Arbitrary residues

Ratio of equivalent IF pole to low pass pole

Noise power spectral density normalized in terms
of frequency (two-sided)

Noise power spectral density (two-sided)

Normalized noise power spectral density (two-
sided)

Time varying incremental noise

a{x- .

Unit
unity

unity

unity

volts/rad/
sec

cps

volts/rad/
sec

cps/rad/
sec
unity
cps/rad/
sec

unity
unity
volts/cps
cps/volt
unity

unity

cps

watts/cps

rad2 cps

volts

WESTERN DEVELOPMENT LABDORATORIES

|



W(s)

w(t)

Por
Py
Pip -
PiT -
gou
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DEFINITION OF TERMS (cont'd)

Terminology
Noise power

Signal power

S-plane loop input

Input time function
Signal-to-noise ratio
Time

Discriminator output in S-plane

Time domain discriminator output
Modulation index

IF modulation index

Input modulation index

Time domain loop error

Loop damping factor

Loop input phase

Extraneous VCO phase

Time weighting function
Threshold improvement factor
Discriminator threshold SNR
Loop input SNR

Discriminator input SR
Loop input threshold SMR

Output SNR

Unit

watts

watts

cps/rad/
sec

cps
unity
sec

volts/rad/
sec

volts
unity
unity
unity
cps
unity
rad
rad
unity
db
unity
unity
unity
unity

uaity
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DEFINITION OF TERMS (cont'd)

Symbol Ierminology Unit
; VCO signal phase estimate rad
¢n Input noise phase rad
¢.1 Input information phase rad
w, Carrier angular frequency rad/sec
w, Discriminator input angular frequency rad/sec
Wy Angular modulation frequency rad/sec
wo Angular noise frequency rad/sec
Wiy Loop noise bandwidth (angular frequency) rad/sec
w, IF center angular frequency rad/sec
Wy Angular frequency step input rad/sec
2 Fourier transform
7! Inverse Fourier transform
< Laplace transform
S Inverse Laplace transform

-xi-
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SECTION 1
INTRODUCTION

1.1 GENERAL

This report on feedback discriminators was undertaken in order
to present s systematic method of analyzing and designing feed back
discriminators. The report is hopefully written in a manner whick
can be readily understood and applied to problems encountered in
designing communication systems.

Historically speaking, feedback discriminators date back to
the early days of FM. For example, Chaffee and Carson, two of
the early pioneers in FM feedback, published papers dealing with
feedback discriminators in The Bell System Technical Journal as early
as 1939, But until recently, feedback discriminators have been little
more than laboratory curiosities. However, as of late, feedback dis-
criminators have been successfully employed in projects Echo and Telstar.

While the feedback discriminator performs the same function as a
standard discriminator in that both devices demodulate frequency-
modulated signals, the feedback discriminator has a lower closed loop
threshold than the standard discriminator. This threshold lowering is
the most important advantage obtainable through using a feedback dis-
criminator.

A designer can use this threshold lowering to his advantage in
several ways. For example, he can reduce the amount of transmitted
power and thus realize a monetary saving. On the other hand, he can
transmit the same power, increasing transmission reliability. He can
also increase the modulation index while keeping the transmitted power
constant, and the resulting spreading of the RF spectrum increases
detection security.

1-1
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SECTION 2
A QUALITATIVE DESCRIPTION OF FEEDBACK DISCRIMINATORS

2.1 GENERAL
Before proceeding with a detailed discussion of feedback discrim-
inators, it seems advisable to discuss qualitatively their operation.

In carrying on this discussion, a block diagram of a feedback dis-
criminator will be utilized, Figure 2-1. The feedback discriminator
employs a mixer, an IF amplifier with a bandpass filter, a frequency
detector (discriminator), a low pass filter, and a VCO (voltage-controlled
oscillator). An FM signal is applied to the mixer at the input terminal,
and the demodulated base band is obtained at either point W or point
C.

An input signal is multiplied by an output signal from the VCO
in the mixer, and the resultant signal, which is an FM signal, is applied
to the IF amplifier. The IF center frequency is equal to the difference
between the input carrier frequency and the VCO center frequency.

The purpose of the amplifier is to provide sufficient voltage to
the discriminator to enable it to operate in a linear manner. The
bandpass filter attenuates noise outside the bandwidth of the IF signal.
A standard discriminator is then used to demodulate the FM signal, and
the resulting demodulated baseband is passed through a low pass filter

to achieve further noise attenuation.

The output of the low pass filter is applied to the VCO. Since
voltage changes at the VCO input manifest themselves as frequency
changes at the VCO output, the VCO is essentially a frequency modulator.
The modulation index of the VCO output is a function of the loop gain,
while the baseband is an estimate of the input signal. Moreover, two
FM signals are then beaten together inthe mixer, and since the phase

components subtract in the mixing process, the equivalent modulation

2-1
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F lifier and Frequency Detector
Mixer P e ter imingtor)
INPUT —o ‘ ‘ W
P
T

veo Low Pass Filter

Fig. 2-1. Block Diagram of a Feedback Discriminator
index of the signal at the output of the mixer has been reduced.

With this modulation index reduction, fewer baseband sidebands are
needed to convey the information. Consequently, the IF bandpass filter
can be narrower than if no feedback were employed. This reduction in
noise bandwidth seen by the discriminator accounts for the threshold
reduction achievable with a feedback discriminator.

P “ ' L c o WESTERN DEVELOPMENT LABORATORIES
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In the analysis of feedback discriminators, much of the effort has
been directed to development of the idealized situation in which the
loop has only two poles (one pole is contributed by the IF filter and
the other pole is produced by the low pass filter). Although a two-
pole loop constitutes an optimum design from the standpoint of time-
response and stability, a physically realizable design will have more
than two poles; however, careful attention to design details will
render the effects of the additional poles negligible.

2-3
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SECTION 3
LINEAR EQUIVALENT MODEL

3.1 GENERAL

The first step in analyzing feedback discriminators is the reduc-
tion of the loop parameters to their "linear equivalent" forms. This
"linearization" process can be circumvented in the analysis of feedback
discriminators (for example, the analytical development can be carried
out using differential equations), but "linearization" greatly simplifies
the work entailed in analyzing and designing feedback discriminators.

The "linearization" process is here defined as being the reduc-
tion of loop parameters to S-plane or Laplace polynomials when the
input to the loop is considered as being frequency. A detailed
development of the "linearization” is contained in Appendix A.

The loop components prior to "linearization" are shown in
Figure 3-1. At the VCO output, Ez }s the maximum VCO voltage amplitude;
w2/2x is the VCO center frequency; ¢ is the VCO estimate of the input sig-
nal phase; 62 is a phase term enc‘npauing nois: jitter as well as all
VCO phase components not contained in w,t and ¢ . At the input to the
loop, Ac is the maximum voltage amplitude of the signal wc/Zx is the
carrier frequency; ¢1 is the phase of the information; ’n is the
noise phase contribution. The equivalent frequency input is found
through differentiating the input phase:

dg¢

+ =3t (3-1)

dﬂl
o +

F - C dt
i

n 2%

When sinusoidal modulation is used, the Laplace transform of equa-
tion (3-1) is

3-1
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w, fd w 1 An w2 (3-2)
r - e + —_—n—ﬁ + —— ——
1_('? 2xs g + aﬁ 2x A, s!";

where

4 ¢ " carrier frequency deviation
wm/Zu = modulation frequency

An = Maximum incremental noise voltage amplitude

The mixer shown in figure 3-1 multiplies input voltage by VCO
output voltage. Therefore, input and VCO frequency components sube-
tract and add, but the resulting addition component is neglected
since a bandpass filter centered at Wy mw, W, follows the mixer.

The subtraction component is known as frequency error.

Before discussing "linearization" of the bandpass filter, the
discriminator will be considered. While a discriminator generally
has an "S'"-curve response (i.e., output voltage amplitude vs. input
frequency), generally, the transfer characteristic is approximately
linear throughout an operating range about the center frequency.
wo/Zu, the IF center frequency, is selected as the discriminator center
frequency; and at w°/2x, the distriminator output voltage is zero, but
the discriminator output voltage is Kd volts when

4 %

2x
Hence, the discriminator transfer function is Kd in the linear range.

As far as the band filter is concerned, it is converted to an
equivalent low pass function, defined as G‘(s), through a transformation
which is detailed in Appendix A. In this transformation, the TF Hr

bandpass filter center frequency is converted from o ! pacro.
2x

3-2
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For example, if the IF bandwidth is 2a rad/sec and if the filter is
8 single-pole filter;

a
s+ a

G, (s) = (3-3)

Notice that the bandwidth is reduced a factor of two by the trans-
formation.

A low pass filter and a video amplifier follow the discriminator
in the loop. The function of Gb(s) is defined so that it encompasses
these two quantities. If the low pass filter is a simple 6 db/octave
roll-off filter and if the video amplifier has a voltage gain of

KA’ then
K=Ab
G " 5HT (3-4)

A VCO changes its output frequency of oscillation as a function
of its input voltage. In the feedback discriminator circuit, it is
assumed that the oscillatory frequency is directly proportional to the
transfer function of the VCO which is Kv.

Now that the loop components have been "linearized," a composite
model can be constructed, and this model is illustrated in Figure 3-2,
For this model, G.(s) and Gb(s) assume the values denoted by equations
(3-3) and (3-4), respectively, The model shown in Figure 3-2 will
be used as a basis for much of the analysis in following sections.

Two points worth stressing are: (1) All noise bandwidths are double-
sided since a two-sided noise spectrum is used. (2) The input to the
loop goes through a limiting process before reaching the loop. Limiting
eliminates amplitude variations.

3-3
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Bandpass Frequency Detector
Mixer IF (Discriminator)
A cos(w € + é.4¢% ) E(t) ,
¢ ¢ -—ln.n.J < -—‘ w—’—
!2 col(wzt + 3 + 92)

PHILCO

vco

F——

Lov Pass Filter
And Video Amplifier

Output

Fig. 3-1 Block Diagrem of a Feedback Digcriminator Showing
the Input Voltage and the VCO Output Voltage
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]' G, (s)
: F, (s) E(s)
.- ! Y ) a - K, W(s)
j \7r{ S +a

G, (s)
| A

S+b

C(s)

Fig. 3-2 "Linearized" Equivalent Model of a Feedback
Discriminator
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SECTION 4
TRANSFER FUNCTIONS

4.1 CENERAL

In view of the analytical necessity of being able to express loop
response in terms of input stimuli, this section is devoted to presenting
loop transfer functions in terms of an equivalent frequency input.
Appendix B contains details associated with deriving these transfer
functions.

Referring to Figure 4-1, loop transfer functions for %%f%, %%f%,

C(s), H(s) have been found. R(s) denotes the Laplacian frequency
R(s) R(s)
input, E(s) is the mixer output or error, W(s) is the discriminator

output, C(s) is the low pass filter output, and H(s) is the VCO output.
Table 4-1 gives these transfer functions. HRere the general case with
the equivalent IF low pass transfer function of Ga(') and the low

pass filter and gain constant transfer function of Gb(s) is p{eifnted as

A
and Gb(s) S+ b

well as the two-pole case in which Ga(s) = .

S+ a

In Table 4-1, the following substitutions are used:

2
® eab (1+K K

X (4-1)

a Ka)

28w Qa+h
n

Table 4-1 can be utilized to find the transfer function of any

loop position except the output of the IF filter. If in the loop
a

S+b

characteristics are determined by substituting the correct G‘(l) and

Kp b
being analyzed; G‘(s) ¢ and/or Gb(a) ¢ -;‘;-; , then the transfer

Gb(l) factors into the second column of Table 4-1.

P H ' l c o WESTERN DEVELOPMENT LABORATORIES
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Ky W(s)

C(s)

Fig. 4-1 Block Diagram Illustrating Points in the
Loop for which Transfer Functions have been

Determinad
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TABLE 4-1

LOOP TRANSFER FUNCTIONS

WDL-TN62-9

LOOP TRANSFER TRANSFER FUNCT ION TRANSFER FUNCTION
QUANTITY FOR GENERAL CASE FOR TWO~POLE CASE

E(S 1 s? + 2t%s + ab

R(S 1+ G,(5)6, (SKK, s2 + 2%s + Pa?

W(s) Cq(8)Ky (s + b)*¥a

R(S) T+ 6,(8)6, (5K K, s2 + 2%s + %2

&(s) G, (56, (S)K, ab KK,

R(S) (8), (8) 2 ) w 2
1+G. G, T R4K, S+ 2 nS+ n

2.

(s) G, ()G, (S)K,K w2 - ab

R(S) (8), (s) 2 ® w 2
1+ G, "6 " RK S+ 2L ™mS + n

4-3
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SECTION 5
LOOP TRANSIENT RESPONSE

5.1 GENERAL

Transient loop error for sine wave modulation and a frequency step
will be presented in this section (detailed derivation is contained
in Appendix C). Transient error produced by input frequency stimuli is
of interest for several reasons.

One reason the transient error merits consideration is that the
transient output of the loop can be readily determined from the transient
error. The equation expressing this relationship is:

c(t) = ;L I::(c) . c(t)] (5-1)

v

vhere,

c(t) = output time response in volts
€(t) = error time response in cps
r(t) = input time function in cps

Another argument for considering transient error is the effect
transient error has on the ability of the loop to follow input frequency
svings. For example, if the error frequency is sufficiently offset from
the IF center frequency, then the loop gain will be less than one, and
the loop will not remain locked to the input.

Assuming a sinusoidal input whose voltage form is:

Ds(t) = Ac sin (mct + id. cos wmt) (5-2)
£
m
5-1
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where,

fd = carrier frequency deviation
The equivalent frequency imput of equation (5-2) is then:

fl(t) = fd sin @t ' . (5-3)

With the equivalent frequency input given in equation (5-3), the
traisient error is:

e(t) = fd n 1 4; im: + ab-mm) luin(mt+ '01)

)
m 2 2 2 2 2
[A4 wnmm+ (mn w:>
- %t
m -
n 6‘5 - af)z
2 2 2 2 2
48 ‘”n% ® - @

sin (mn “1 - §2 t + vz) in cps (5-4)

whero,
= tan - tan
b - w

vz = tan ! g; wh :E . Ez

‘m: @t - 1+ m:

+

Another input stimulus that will be treated is a frequency step.
Such a phenomenon is characteristic of FSK transmission. However,
the steady state value of this transient error will be equal to the
steady state error produced by any carrier shift, regardless of

how the shift takes place. With a frequency step, the input signal
voltage is:

5-2
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e (t) = A_ sin Eﬁc: + B0 a&t:] (5-5)

where;
uz(t) =1 fort& 0

Mz(t) =0 for t <0

In terms of an equivalent frequency input, equation (5-5) reduces to:
%
fl(t:) I for t & 0.
The Laplacian input is:
)

b S
L O Pr (5-6)

When the input stimuli has the form displayed in equation (5-6),
the transient error is as follows:

€(t) = [.J- - = e - ¢ %t sin(“n V §2t + V)_.L
F\1l- §2 n cps.

(5-7)
where;

¥ = tan -1 al- §2
2
§
Explicit transient error solutions have been given for a sinusoidal
input and for a step inmput, but if a solution for transient error

resulting from another form of input is desired, the Laplacian technique
illustrated in Appendix C can generally be applied to the problem.
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SECTION 6
SIGNAL-TO-NOISE PERFORMANCE

6.1 GENERAL

This section has as its primary objective the discussion of the
threshold improvement achievable through using & feedback discriminator.
However, a comparison will be made of the output signal-to-noise ratio
(above threshold) of a standard discriminator and a feedback discriminator.
Appendix E contains the detailed derivations converning the threshold
problem while Appendix G is devoted to the details concerning output
signal-to-noise ratios (SNR).

A feedback discriminator has essentially two thresholds. One is
the open loop threshold, which is the threshold of the standard
discriminator in the loop; the other is the closed loop threshold.
If the open loop threshold is reached prior to the closed loop thres-
hold, then the threshold of the loop is determined by the IF SNR.
However, if the closed loop threshold is reached first, then the thres-
hold of the loop is determined by the closed ioop threshold alone.

6.2 FORMULAS

The threshold of standard discriminator is defined as the lowest
value of input SNR, with fixed IF noise bandwidth and modulation
frequency, for which the output SNR is given by the following formula:

B ,
3 g2 _NIF_
"2 Par £ 6 (6-1)
where;
BNIF = IF noise bandwidth (low pass equivalent)
fn = Modulation frequency
po s  QOutput SNR
Bnr = Modulation index

6-1
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Table E-1 of Appendix E lists discriminator thresholds for
various values of BNIPAH £ .
. m

Moreover, if the discriminator in the loop reaches its threshold
prior to the point at which the closed loop threshold is reached, then
the threshold of the loop is:

- SMIP

P
DT Bnl

iT

vhere;

Dir = Input SNR at threshold

pnr = Discriminator SNR threshold

Bnl = Closed loop noise bandwidth

Since BNI!‘ < Bnl’ it is obvious from equation (6-2) that some
degree of threshold improvement has been realized. However, a greater
threshold improvement is generally obtained by reaching the closed
loop threshold first. The closed loop threshold is given by the

following equation which is defined in noise bandwidth ’nl‘

2
Py ™ 4.86%4} (6-3)

vhere;

F=1+ Kv Kd ‘A

To ensure that the open loop threshold is not reached prior to

the point at which the closed loop threshold is reached, it is necessary

for the SNR at the discriminator input to be aboveits threshold when
the loop input SWR is equal to the closed loop threshold SNR. At
the closed loop threshold, the discriminator imput SWR is:

6-2
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B 4
P ™ P ool
iD iT
nNIF (6-4)

where:

p,.. = discriminator input SNR.

iD
Substituting the right side of equation (6-3) for PiT into
equation (6-4) yields:

Pip™ 4.8 <r-1> 28, (6-5)
F By1r

Comparing equation (6-5) with Table E-1, it is seen that the

open loop threshold is satisfied if Bn = 2,18 BNIF and F = 6.

1
For example, suppose a carrier is being modulated by a 1 Mc wave

with a modulation index of 10. Then the ratio of BNRF/Tm 1s equal to

24, and the threshold of an ordinary discriminator is about 13 db

(see Table E-1). But if a feedback discriminator with F = 10 is used,
the threshold is calculated from equation (6-3) to be 3.92 or 5.94 db.
Moreover, since Bn1 will be smaller than the 24 Mc input noise
bandwidth, a further threshold enhancement results. Equation (6-6)
expresses total threshold improvement as follows:

{ =13 - 5.9 + 10 log,, -35"—“‘-’-— (6-6)
nl

where:

{ = threshold improvement factor in db

From Appendix G, the equation for SNR at the output of a feedback
discriminator Wwith post-detection filtering is:

6-3
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But assuming wh >>'a% and b= 2 fm » the output SNR becomes:

2
o m 2 tar e |
o 3 Z : (6-7)

To summarize the results implicit in Section 6, a feedback discriminator
has a lower threshold than a standard discriminator. But the SNR of a
standard discriminator is proportional to 5:, vhile the SNR of a feed-
back discriminator is also a function of B:r. (Di is defined in B“’)-

6-4
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SECTION 7
OPTIMIZATION OF LOOP PARAMETERS

7.1 GENERAL

In designing a feedback discriminator or in examining an existing
design, it is useful to know what the optimized loop paramsters ares.
Knowing the optimum parameters, a designer attempts to make his design
approximate the optimum configuration. Moreover, the 'goodness" of an
existing design can be ascertained by comparing it with the optimum design.

An optimum loop has only two poles; the reason for this is twofold.
Additional poles reduce the phase margin and deleteriously affect time
response (see Appendix B). If the phase margin is reduced by additional
poles, there is the possibility that the loop will oscillate. On the
other hand, additional poles will slow down the time-response of the loop.

As far as loop parameters are concerned, there are three parameters
to optimize. Loop damping, loop gain, and filter bandwidth ratio are the
three parameters. Taking damping first, there are several methods of
arriving at an optimum damping factor.

Unfortunately, each method leads to a different answer when more
than two poles are involved. Two optimizing techniques, the Butterworth
and ITAE forms are discussed in Appendix B.

Table B-1 in Appendix B gives Butterworth optimizing forms for loops
having from one to five poles while Table B-2 contains ITAE optimizing
forms for loops with one to five poles. When a loop has two poles, the
two forms agree that the optimum loop transfer function denominator is
as follows:

D(s) = 8% + 1.4 a8 + &2 (7-1)
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Equation (7-1) means that 2 { = 1.4, or { ~ 0.707 where { is the
loop damping factor. It is not always possible to have a loop damping

of 0.707 due to limitations imposed by the open and closed loop thresholds

as vell as closed loop noise bandwidth, For example, the requirements
imposed by the open leop threshold that B >> 2.5 Byry lwposes the fol-
lowing restriction on { (see Sectiom 6):

b ] ]

1
{5z (7-2)

where R-g-
!‘-1+lt,,l(dl(A

Equation (7-2) imposes an upper boundary on {. In gemeral, the re-
lation between {, N, and F 1is:

g - Btl (7-3)
2 \/m -

As far as F is concerned, an F high enough to give sufficient band-
width compression should be used. However, F should be mads as small as
possible since an increase in F will raise the closed loop threshold
[uo equation (6-3)] and will increase the closed loop noise bandwidth as
shown in the followiag equation:

b NF
i "2+ D) (7-4)

where:

Bn1 = closed loop noise bandwidth.

The IF noise bandwidth must be narrow enough to satisfy the open
loop threshold. However, it cannot be a sharp cutoff filter due to sta-
bility comsiderations (see Appendix B), and it must be sufficiently wide
to keep u;in distortion at an acceptable level. Feedback temds to

7-2

WESTERN DEVELOPMENT LABORATORIES

. , . ‘ 1 . .
i ne———— Pttt S——— ——— s ]

A e e w7



PHILCO

WDL-TN62-9

reduce distortion; hence it is possible to let N = BIr for the eatire
range of Brp instead of the value indicated by Figure G-1.

Loop stability is increased as Prp 1s increased. Additionally, the
IF filter bandwidth should be made as wide as possible, considering the
open loop threshold, so that { can be made to approach 0.707 (see equation
7-3).

Balancing the preceding considerations, Table 7-1 gives optimum
values of F and N for values of Bpp starting at fgp = 3; if the expected
BRF is less than 3, an ordinary discriminator should be used. Here F is
not allowed to exceed 50 because a value greater than 50 could lead to
loop instability, and a minimum practical discriminator threshold of 9 db
is assumed.
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TABLE 7 - 1
OPTIMUM VALUES OF N and F for
SINUSOIDAL MODULATION
B“ N = BIP F
i< B" f 10 1 F = 25“
29<3u 546 3 F :5“/2
80 <B“§ 118 5 F = am,/3.47 o |
118 < B“ f 167 6 F s BRF/ﬁ.Z
167 BR.P f 223 7 F = BRP/4.9
F .
223 < BRF § 280 8 F = BRF/S.G
280 < B Pery3 F = 50
RF
50
7-4
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SECTION 8
; DESIGN PROCEDURE AND CONSIDERATIONS

8.1 DESIGN PROCEDURE

Designing is made a tricky proposition by the open loop threshold
- and by the need to maintain an adequate phase margin throughout the
! operating range. Moreover, optimizing loop parameters is a design goal.
Toward this end, optimization as discussed in Section 7 is applied to
the design method.

E' Three quantities must be known before a design can be undertaken;

) they are: the modulation frequency, expected carrier frequency, and

}' input g. Knowing these three quantities, the design steps proceed as
follows:

a. F is obtained from Table 7-1. Since F =}l + Kv Kd KA' the pro-
duct of the discriminator constant, the VCO constant, and the

dc amplifier gain are known.
b. N is also obtained from Table 7-1.

. c¢. The IF center frequency, f,, is selected so that it is at least
‘ 100 times higher than the modulation frequency (this high ratio
ensures that IF discriminator leakage is sufficiently attenuated
by the low pass filter to prevent its perturbing the loop VCO).

d. A single-pole filter is used as the loop IF filter, the 3 db
bandwidth of this filter is 2Nf, (the filter center frequency

i coincides with the IF center frequency).

e. The discriminator is designed to be as linear as possible (at
least 5% linearity is desirable throughout the operating range)
and the discriminator is designed so that its bandwidth is at
least 5 Nfy in order to minimize the effects of discriminator
poles. Discriminator output impedance should be resistive.

8-1
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f. A single-pole (no zero) low pass filter follows the discrimina-
tor, and discriminator output resistance is essentially an in-

tegral part of the filter. The filter 3 db cutoff frequemcy
should be equal to fy.

g An amplifier whose 3 db pass band goes from dc to at least 10 fyn
follows the low pass filter. This amplifier must have a high
input impedance to prevent its loading down the filter. Ampli-

fier gain, K), is selected so that F satisfies the condition
set forth in step a.

h. Following the amplifier in the loop is a VCO. This VCO has a
center frequency which is fo cps lower than the expected input
carrier frequency; thus, the difference between VCO and carrier
is the IF center frequency. Additionally, the VCO should have
a bandwidth of at least 5 Ff, ppy and a 102 transfer linearity
for an input range of dc to fu.

i. Design of the loop mixer is critical only insofar as the band-
widths are concerned. The mixer must be able to accommodate the
signals from the input as well as from the VCO. Moreover, the
mixer output bandwidth should be at least 10 Nf,.

8.2 A DESIGN EXAMPLE
Suppose that a 100 Mc carrier is being modulated by 100 kc signal

with a deviation of 2 Mc; this means fgy = 20. The design now proceeds
as follows:

a. F =16 from Table 7-1, and therefore K K, K\ = 9.

b. N = 2 glso from Table 7-1.

c. An IF center frequency of 100 x 100 Kc = 10 Mc is selected.
8-2
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d. The IF filter is centered at 10 Mc and has a 3 @& bandwidth of
400 ke.

e. The discriminator has a O-volt output at 10 Mc with a 5%
linearity in the * 200 ke range about 10 Mc, and the discrimi-
nator bandwidth, which is determined by the knees in the S-curve,
is 5 Mc. The output impedance is resistive (no capacitors are
used here).

f. The low pass filter should be 3 db down at 100 kc. Assuming
the discriminator output resistance is 10 K}, a 160 pf capaci-
tor is attached between the discriminator output and ground to
give the required low pass function.

g. The dc amplifier is flat, within 3 db, from dc to 1 Mc. Awpli-

ti.t "1“ 1. KA - ql%v— .

h. VCO center frequency is set at 90 Mc, and the VCO has 10% trans-
fer function linearity between 88.2 Mc and 91.8 Mc at its output.
VCO output bandwidth is at least 9 Mc.

8.3 HARDWABE CONSIDERATIONS

Building hardware—satisfying design requirements can be difficult.
For example, some IF will leak through the discrimimator. If the low
pass filter does not sufficiently attenuate this IF leakage to prevent
its perturbing the VCO, then additional circuitry is needed to attenuate
the IF. This additional IF attenuation can be provided by a low pass
function (of course, the cut-off frequency must be considerably higher
than f, to minimize phase shift) such as an m-derived filter or a series-
resonant "trap" circuit tuned to the IF.

The discriminator itself should have a wide bandwidth so that its
phase contribution is minimized. While an ordinary ratio detector nor-
mally will not provide a large bandwidth, the circuit shown in Figure 8-1

8-3
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will provide a 50% bandwidth. Im this circuit, it is necessary that

Often one finds it desirable to apply AGC to the IF amplifiers pre-
ceding the loop. The method of obtaining the AGC is shown in Figure 8-2.
A limiter is placed inside the loop instead of outside the loop as is
customary. This enables one to take advantage of the narrowed-loop IF
bandwidth in obtaiming AGC.

Obviously, the limiter will produce harmonics which would delete-
riously affect the discriminator and so the limiter must be filtered.
In order to minimize effects of additional poles, the limiter filtering
is accomplished by a low-Q filter (see Figure 8-3). The filter elements
are used to tune out the diode junction capacitance, CJ. However, the
following requirements must be met:

b. C3 > cj maxisum
c. The voltage swing must be great emough for CR; and CRj to clip.

Another feature illustrated in Figure 8-2 is the use of pads to pre-
vent interaction. For example, a pad is inserted between the loop VCO
and the mixer. This isolation prevents either local oscillator frequen-
cies or input frequencies from disturbing the VCO (of course, the use of
balanced mixers will also help to alleviate the VCO interaction problem).
A pad is also employed in the AGC circuit so that it does mot disturb
the loop.

Section 8 developed a design procedure predicated on the optimized
parameters of Section 7, and a design example to elucidate the procedurs
was presented. Additionally, some hardware problems that would crop up
in implementing a design were comsidered.

8-4
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Fig. 8-1 Schematic of a Broadband Discriminator
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Fig. 8~3 Diagram of a Combinetion IF Amplifier, IF Filter
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APPENDIX A

DERIVATION OF A LINEAR MODEL

A.1 GENERAL

Because a frequency feedback discriminator operates on frequency, it
is useful to "linearise" the loop in terms of frequency into ar equiva-
lent model. Explicitly, the loop compoments will be reduced by this
"linearisation" to forms that are S-plane functioms of imput frequency.

A system block diagram is illustrated in Section 3 (Figure 3-1).
In this figure, m2/2x is the VCO center frequency; a is the VCO estimate
of the input signal phase, and 6; is a phase term encompassing moise jit-
ter as well as all VCO phase components not contained in wyt and 3

A.2 FORMULAS

The loop imput in terms of phase is 6 = m;t + @; + @,, and so the
equivalent frequency inmput is:

R
2x

where % = the carrier frequemcy in cps

9, = informatiom phase
9, = noise phase comtribution

treating 9, as sinusoidal mdulation’ﬁl- %‘! cos agt
m

d_dgl = 2xf d sin ap, v (A-2)

vhere f4 = carrier frequency deviation in cps

?‘ = modulation frequemcy in cps.
A-1
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In equation (A-l), @, represents the phase contribution from noise,
which is assumed to be Gaussian 'white" noise within a band Bgp. To
determine @, one must start with the incremental noise voltage which
can be represented as n(t) = A, cos (a + w)t. The next step, the com-
bination of signal and noise, is made by assuming the carrier is unmodu-

lated, or ey = A, cos w.t. The sum of signal and noise is them:
e(t) = A, cos (e + Wt + A, cos act

j = A(t) cos (.t + @) (A-3)
i sin ot
i where @, = tan} (r:n-o-_ﬂ:'c—tﬁ ast:)

If a limiter precedes the demodulator, the time-varying amplitude in
equation (A-3), A(t), is replaced by a constant amplitude E. Then:
-1 sin ot -
¢n1 =9, = tan ( e + cos a.)ct) (a-4)
and the frequency contribution of ’n is found by differemtiatimg equation
(A-4), or:

2
wAn+AcAna>coawt

1 P A-
7’72&- (A2+A2+2AA t) 2 w
c n c ncosmc) x '

If a high input SNR is assumed; i.e., A >> A , equation (A-5)
becomes:

1 g At coswe -6)
2 x dt A
(4
and now the equivalent noise power spectrum can be determined. The mean
noise power input due to a moise component at some frequency f is:
2

2 /A
An--zL (z‘) " (A-7)

A-2
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A2

But -i! = No 4 £, where No is the power spectral density of the

incoming Gaussian white noise. Them equatiom (A-7) reduces to:

A—!- fz

N
-]
TS 2

Gg (£f) is defimed as being equal to 2—%, vhere G, (f) is the equi-
valent noise spectral demsity for a frequency type input; hemces

2
2N A
Géf) - ‘FJ but (pi)’. = 2—-“'%—, or therefore:
c o "yRF
2
Gf(f)-piznu Py = imput SNR.

The loop imput is mow determined by combining equatioms (A-1), (A-2),
and (A-5):

De

fia -'27 + fd ninmmt

2 2 2
:l(mcol wgf + milin mct + Ac Aa cos ot)

+ 2 2 (A-8)
2x (Ac + An + 2 Ac A- cos mct)
Equation (A-8) becomes:
. A
fh (t) ~ 7 + “'d sin @t + == o cos wt (A-9)

2x Ac
for Ac >> A a
The mext step is reducing the mixer showm in Figure A-1 to a
limearized form. A mixer is basically a product device (multiplier),

and the mixer used in the feedback discriminator multiplies the input
wave with the wave gemerated by the VCO. Thus the mixer output is:

A-3
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K, A E,cos (Hlt + ’1 (c) + O.) cos (nzt +3‘ (¢) + 02)

which is im the form:

A cos @ cos B, but cos x cos p = 1/2 cos (o - p) +1/2 cos (a + B)
Therefore, the mixer output is:

., "I, {COI [(‘”1"”2) t+¢1-3+¢--¢2] }
+E, {con [(m1 + o,) :+¢1+3+¢‘+¢2] } (A-10)

The second half of equation (A-10) cam be disregarded because its fre-
quency components are outside the passband of the bangagl filter fel-
lowing the mixer (the filter passbamd is cemtered at 7% 0°
In terms of frequency, then, the mixer output is:
A de d 9
.49 B_ 2
siavwt-Zxdt T Zxdt - Zxat

v

®, =@,
;
2 x +fd

Consequently, the mixer becomes a frequemcy summer im which the leop imput
is considered as positive while the VCO output is takenm as beimg megative.

The next loop component to be comsidered is the bandpass filter.

This filter will be reduced from a bandpass to its equivalemt low pass
form using the method outlined by Weaver and Lawhorn (Ref. 8) in an I.R.E.
letter, Although Weaver and Lawhorn performed their analysis for a phase-
locked loop in which a phase detector was used instead of a frequemcy
discriminator, a frequency discrimimator im the frequemcy domsaim corre-
spoads to a phase detector in the phase domain, and with this tfnaola-
tion, their analysis is apropos to the fsedback discrimimator problem.

A-4
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Output Amplitude (Volts)

(wi -wo) -
P2
(cps)

Figure A-1 Characteristics of an lIdeal Discriminator

w, ~ o
In Figure A-1, Kd is the output amplitude in volts when 12 x 2 =1,

The transfer characteristics shown in Figure A-l can be considered as re-
sulting from a mixer fed by an oscillator sitting at o, and by the band-
pass filter output. The block diagram of this circuit is showm in

Figure A-2.

F(!)——-_- G(s) » H(s)

(cos wot)

F (S) = Filter Input
G (8) = Filter Transform

Figure A-2 Block Diagram Showing Bandpass Filter, Referemce Oscillator,
and Mixer

A-§
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If F (8) is the Laplace transform of the filter input, the filter
output is F (s) G (s). But F(s) may be factored into F (s) = l' (s) F *(n),
where F (s) contains all the upper half S-plane poles and zeroes of F (s),
and F, (a) contains all the lonr half S-plane poles and zeroces of F (s).

Similarly, let G (s) = Gy (s) G, (l) The Fourier tramsform of f£(t) is
the same as the Laplace tuuforn (with S = @) of £(t) if:

f. [£(t)]d @ < = and £(t) = 0 for £ < 0

or F(w) = l?(n)) s =

Similarly, G (w) = G (s) , S = g, However, the Fourier transform of

cos w t is x [ (@ - o) + J(«n-& a)-)] because:

e L} e

due to the fact that L 'col ot ]d od o ,J}m) is the impulse
function.

The Fourier transform of h(t) is the comvolution of the individual
transforms of £(t), G(t), and the referemce cosime wave, or: *

H(w) = uﬁ F (@ - o) F: (w - mo) (A-11)

Gx*(w-wo)[ ({' (a)-mo) +J‘(m+m°)] do

Integrating, equation (A-11) becomess
(A-12)

@) = x [rx @-0) F'@-0)6 @-no) 6 - mo)]

b R (Wewo) Fx (w+0%) Gy (wity) Gy (W)

At this point, it is necessary to make an assumption about ®yr the
assumption being that the center of the bandpass filter is selected so

A-6
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that it is @, and the center frequency of f(t) is w,, or in the words
!‘(m) and G (a) are symmetrical about ®,. When this is trues

* *
r (- @) =F (o + ®) and G (@ - @) = G, (o+ mo)'
*
The term F . (o - mo) represents the movimg of the rx(m) lower planme pole
gero center point from ~w, to -2 @, while Fx(a) + mo) moves the Fx(a))
pole and zero cemter from o, to 2 @, Therefore F: (» - a)o) = Fx(oa + mo),
and the sawme reasoning applies to Gx(a) + a)o) and G; (- wo). However,

these high frequeacy compoments contributed by G‘(m + mo) and Fx(o) + m,)
can be lumped together as simply a gaim comstant, say la, or:

K, = Gx(m + mo) Px(w +o)
* *
Kﬂ =G, (o - a)o) Px(m - oo)

Equation (A-12) then reduces to:

H(a) = l;l'x o -a) 6G@-o) +KF (@-0)6 (®-ax)
From complex variable theory:

2+2" =2 Re(2) or:

H@ = 2 Re(Ky) x Lo - @) G (- ) (A-13)
In Laplace domain:

H(s) rx(s -] ‘Po) cx(s -] mo)
Hence, the filter is translated by jmo so that its pole zero pattera
is centered about the origin imstead of @y and the bandpass filter is
nov equivalent to a low pass filter,

A-7
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F:(w) and F, (@) are also translated to the origin, but
F, (@) F: (w) is the tramsform of £(t). Hence the input to the bandpass
can be treated as a low frequemcy imput, and this same £(t) is also the
output of the mixer showa im Figure 3-1. The "linearized" mixer output
is therefore

- ¢ - # -
£(t) = £, sln oot - NG + 3 dt Tx dt (A-14)

Referring to Figure A-l, the discriminator transfer fumctiom is seen to
be a constant K4 at’imnmtho frequency input (bearing im mind the frequeacy

transformation -—i—z;—-"— which was previously justified).

The VCO shown in Figure 3-1 has the characteristic that its output
frequency changes in a linear mammer with a change in imput veltage.
Therefore, the VCO assumes a comstant, say Kv. as its tramsfer functiom
in the frequemacy domain.

All the loop components have now been reduced to their Laplace or
S-plane forms for a frequency imput. This information is summarized im
Figure A-3, which shows this "limearized" loop im block diagram form.

> W(s)

R(s) + < Ga(S) —-qL Kd - Gb(l) »C(s)

H(s)

Figure A-3 Linearized Loop

A-8
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In FPigure A-3, H(s) "az,’zx dt + 2x dt

R(s) .[éd sin o ¢t +
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k) e

—

do
2x dt
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APPENDIX B

TRANSFER FUNCTIONS

B.1 OPTIMIZATION OF TRANSFER FUNCTIONS

When one speaks of transfer functions, the logical query is: "How
is the transfer function optimized?" Unfortunately, there is no clear-
cut answer since a universal optimum criteriom has mot been established.
For example, ome could use the Weiner-Hopf criteriom to optimize SNR or
omne of several servo theory criteria to optimize loop time response.

The Weimer optimum tramsfer fumctiom is predicated on the assump-~
tioms that the system is linear, the process is stationary, and the mean
square errer is am appropriate measure of the system error (Ref. 1).
Whea these assumptioms hold, the followimg equation is valid:

®_ (s) G,(s)
1 ~1 [T} d .
W LE [, ® ®-1)

Go(o)

vhere ch

Laplace transform

\;?51 = Inverse Fourier tramsform
Go(l) = Weiner optimum filter transfer functiom

Gd(n) = Desired filter tramsfer fumctiom

O..(u) = Signal power spectral demsity

'n.(l) = Noise power spectral demsity

011(0) - 0..(!) + 0..(')
+ -
o“(.) - °u") + 0“(0)

Bt
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Equation (B-1) gives the optimum transfer functiom im terms of SNR
according to the Weimer-Hopf criterion. However, a specific solution of
equation (B-1) is good omly for the signal and noise spectra used in the
solution, and the solvimg of equation (B-1) is extremely difficult for

certain signal spectra such as a step function.

Moreover, it is desirable to optimize the loop performamce for a
step imput simce this is a commonly encountered stimulus. Consequently,
criteria in addition to the Weiner-Hopf optimizing criteriom merit exami-
nation, and several servo theory criteria will be considered (Ref. 2).
Assuming & loop transfer function of the form givem by equation (B-2),
the Butterworth optimiging function, which locates the demominator poles
on a semicircle (the cemter being at the S-plame origim) im the left

half-plane.
C(s) c -
R(s) = .V V-1 2 2 (8-2)
§ +b 8 +...+b,s  +bst+n

The Butterworth demomimator coefficients for values of V from one
to five are given in Table B-l.

TABLE B-1
BUTTERWORTH OPTIMIZING FORM

+
S w,

2 2
sT + l.éahs + o,

83 +2 0w 82 + 20 82 + w3
n n n

% 3 7.2 3. %
S + 2.6 mhs + 3.4 ahs + 2.6 whs + N
s +3.24 mns" +5.29 w:83 +5.24 mt::s2 +3.26 a):s +

B-2
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Another criterion deserving consideration is the ITAE (integral of
time multiplied by the absolute value of error) criteriom. With the ITAE

method, the integral
1 'f. t || dt is minimized.

When the transfer functioa has the form of equation (B-2), Table B-2 gives

the ITAR optimum demomimator coefficients for values of V from one te five.

TABLE B-2
ITAE OPTIMIZING FORM

S+ R
2 2
s+ 1.4 wis + w,
3 2 3 3
S +1.75 ahs + 2.15 whs + w,
4 3 2.2 3 4

S + 2.1 whs + 3.5 whs + 2708 +w

5 4 2.3 3.2 4 3
8" + 2.8 a%S +5 whs + 5.5 mis + 3.4 mhs + o,

Both Tables B-1 and B-2 have been tabulated for values of V from ome
to five, and since the two tables were derived from the same tramsfer
fuaction form, i.e., equation (B-2), a comparisom between them can be
made. The optimizing forms are idemtical whem V = 1 or 2.

While there is some difference betweem tables for V= 3, 4, and 5,
this difference is not very great, and it can be nmeglected in the design
of feedback discrimimators. Consequently, ome cam use either Table B-l
or B-2 to design the feedback loop.

B.2 LOOP TRANSFER FUNCTIONS FOR THE FEEDBACK DISCRIMINATOR

Using the linearized loop form shown in Figure A-4 of Appendix A,
the loop transfer fumctions at the VCO output, discriminator output,
mixer output, and low pass filter output can be ascertaimed. Loop

B-3
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case vhen Gb(') -3 :ba and G‘(c) =-

c(s) - Gu(’) Gb(s) Kd
R(s) 1+ Ga(s) Gb(s) Kd ‘v

wvhen: Ga(') -;—3—7 and Gb(c) =
c(s) _ __abfdfa
R(s) 2

2
S -0-2§a>nS+a)n

at the VCO output:

H(s) Ga(') Gb(s) Kd Kv

R(s) TTca(s) c‘(.)“xd K,

Or,in the specific case:

H(s
R(s) 2

the discriminator output is:

W) . &(l) "4
R(s) 1+ G,(s) G(s) K; K,

for the specific case:

(S +0b) K!

R(s) 82 + 2 m‘s + m:

B-4
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transfer for the general case as portrayed by Figure A-4 and the particular

< : — will be determimed.

The transfer equation for the low pass filter output is:

(8-3)
Ky b
S+0b
(B-4)
(B-S)
(B-6)
(B-7)
(B-8)

WESTERN DEVELOPMENT LABORATORIES
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Next, the mixer output, which is the error B (s), will be feund:

R(s) [1 - K °('>] (8-9)

-1
1+G,(s) G(s) Ky K,

K\ b

When Gb(l) “ 5 +0 and G‘(l) - s—h

s2+ 2 as+ab
8° + 2 mhs + o,

R(s)

Equatioms (B-3) through (B-10) are summarized im Table 4-1 of
Sectionm 4.

B.3 IF TRANSFER FUNCTION CONSIDERATIONS

The IF filter im a feedback discrimimnator is tuned to the ceamter IF
frequemncy. Hemce, the filter is tumed whea the input carrier is ummodu-
lated (there is a tacit assumption that the frequency differemce between
the carrier and the VCO ceater frequemcy is equal to the cemter IF fre-
quency so that there is no frequemcy error). But modulatiom, which varies
much more slowly tham the carrier, has the effect of detumimg the IF
filter (Ref. 3) with respect to the IF frequemcy (the detuming is maxi-
mun at modulation peaks).

This detuming has a deleterious effect on the loop because it
increases phase shift im the IF filter. The imcreased phase shift iam
turn decreases the loop phase margin. Im fact, the loop will oscillate
on modulation peaks if the filter phase shift is great emough.

In order to minimize phase shift produced by modulatiom detuming in
the IF filter, it has beem shown (Ref. 3) that a single-pole "slow roll-
off" filter should be used. The term "slow roll-off" is arbitrary, but

B-5
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in this context it is meant to denote an attenuation slope of 6 db per
octave, or less outside the passband. Consequently, the IF filter has

an equivalent low pass transfer function whose form is —;—R—b.

B.4 CONSIDERATION OF TRANSFER FUNCTION ORDER
The highest order of the loop transfer function demomimater at the
summing junction is equal to the number of loop poles because there must

be at least as many poles as zeros. On the other hand, the highest order

of the loop transfer function numerator at the summing jumctiom is equal
to the number of loop zeros. The preceding statements were deduced from
equation (B-11) which was derived from Figure B-l.

R(3)

A(s) H(s)

Figure B-l Diagram Showing H(s) as the Loop Tramsfer Fumction

at the Summing Junction

Let A(s) = %(-3- where the zeroe of N(s) are the zeros of A(s)
wvhile the zeros of D(s) are the poles of A(s). Moreover?

A(s N
I ORI ORI T (B-11)

Recalling from elementary theory the fact that each pole of A(s)
contributes a -90° phase shift at w = », while each zero cemtributes a
+90° phase shift at @ = », one sees that the phase margin is reduced
relatively to the increase in poles.

W
\
1y
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Consequently, there is a possibility the loop will oscillate if
there are more than two poles, and care must be exercised in the design
to ensure that there is sufficient phase margin at the gain cross-over.
Another attribute of poles is the effect. on respomse time. Gemerally,
increasing the number of loop poles increases the loop time respomse aad
thereby has a deleterious effect om loop transiemt respomse (Ref. 2).

Considering the umdesirable effects produced by multi-poles; i.e.,
reduction of phase margin and lengthening of response time, the best
design for a feedback discriminator seems to be ome imcorporatimg two
poles with mo zeros; ome pole is contained im the IF filter, while the
other is cemtaimed im the low pass filter at the discrimimator output.
The resultant fumctiom is them in the form of equation (B-4).

8-7
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APPENDIX C

TRANSIENT RESPONSE

C.1  TRANSIENT RESPONSE FOR SINE WAVE INPUT

The transient response of a feedback discriminator is useful to
know because the loop transient response defines the loop dynamic
behavior in the presence of an input stimulus. For example, one can
predict the accuracy with which the loop tracks the stimulus and the
tracking range by determining the transient error, denoted e (t).

While many loop configurations are possible, the configuration
chosen for this analysis is the loop that contains, when reduced to its
linear equivalent, a single-pole bandpass IF filter and a single-pole
baseband filter as shown in Figure C-1. However, the analysis method
used in examining this loop configuration can be extended to any other

loop form.

E(s) a D K, C(s)

A
_'-1 Ky ™ s

R(s)

(’\+
:

Kv r‘

Figure C~1l. Loop Form used in the Error Transient Analysis

When the input to the loop, which is applied at time t = 0, is
a carrier being FM-modulated by & sine wave, the time-varying signal is:

f. cos w
s W

d t

f )
m

e, (¢c) = Ac sin anct +

é-4
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or in terms of frequency:
w g
c . & in
fin * I + fd sin Woe since fin 3t 2x

However, the center frequency of the linearized loop (see Appendix A)

is WL and therefore the frequency input can be taken as:

fl(t) = fd sin Woe

(C-1)

In terms of the S-domain, equation (C-1) becomes:

fd W
F,(s) ®» =
1 sZ +o 2
m

(c-2)

Examining the servo loop illustrated in Figure C-1, one finds that

the S-domain error, E(s), is:

E(s) = R(s) [} - C(s) KVJ (C-3)
On the other hand:
e : ak K b et
R(s) S+ S (a+b) +ab (1+K K K)
Combining equations (C-3) and (C-4):
32 + 8 (a+ b) + ab
E(s) = R(s) T — (C-5)

S +S (a+Db) +ab (1+ l(.A Kﬂ Kv)

PHILCO
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To simplify equation (C-5), make the following substitutions:

2
®, = &b (l+K, K K)

ngn = a+b

Equation (C-5) then becomes:

s% + 2t S + ab
E(s) = R(s) ] 2
5" + 2;(1)“8 + mﬂ

fd Oy
From equation (C-2), R(g) = ] since:
S +a)m
f
R(s) =Fy(s) = "z&_z
S +a§m

In the time domaing

-1 [s% + 2Aw S + ab

]

e(t) = £f o, 3

2, 2 . 2
$"+a )T+ 2w S+ oy )J

Performing the indicated operation on equation (C-7) yields:

C-3

(c-6)

(c-7)
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2 2 2 .2
4t ®, a)E +(ab-a)m)

5

' 1
(¢) = ¢ — sin (w t + y,)
C % | w? wnz ‘°m2 + (mnz _ mnz) 2 m 1
“tw t (ab = @ ")

+
wnq l1-¢ a;zm: mnz

2 2, 2
-0-(«»rl -mn)

where:
. 2tw w -1 [ 28w @
v « tan’! sl B tan”! | 22—
ab - w ‘ ®»- -
m n m

2‘/ 2
an"! e W o)

v, = ¢ 2 .2
wn (2 -1)+mm

C.2 TRANSIENT RESPONSE FOR A FREQUENCY STEP

(C-8)

The next input stimulus to be considered will be a frequency step,

and the transient error will be found for the loop configuration depicted

in Figure C-1. PFor a frequency step, the incoming time-varying signal

voltage is¢
p.(t) - [Ac sin ot + u.z(t) a)‘t:l
where:

uz(t) = 1l fort2>0

uz(t) = 0 fort<0

PHILCO

(c-9)
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O
In terms of frequency input for t > 0, fl(t) " 3’ and
D
Pl(s) * 3 (C-10)

Substituting equation (C-10) as R(s) into equation (C-6) yields an error

of:
2
W s+ nghs + ab
E(s) = 2 2 2 (C-11)

"+ % S + )

In terms of time, equation (C-11) becomes:

-1 2
S
e(t) G ;x?E 2

2
§° + 2§mhs + o,

+ nghs + ab

(C-12)

Performing the indicating operation on the right side of equation (C-12)

gives:
2
W (ab = w_ ") tw t
e(t) = 3 2 et {~% sin(mnl/l-gzt-l»v
o, o, f1-¢
in cps
vhere:
vy = tan’? 1—'42- (c-13)
g

The loop error transient response for a sine wave input was derived
in Section C-1 with the end result given by equation (C-8). Additionally,
the loop error transient response for a frequency step input was found in
Section C-2, and equation (C-13) displays this result.

¢-8
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APPENDIX D

DERIVATION OF CLOSED LOOP NOISE BANDWIDTH

D.1  GENERAL

The closed loop noise bandwidthy i.e., the noise bandwidth at the
VCO output, plays an important role in the loop design (described in
Appendix F); it is therefore necessary to derive an expression relating
the closed loop noise bandwidth to the other loop parameters. The
closed loop noise bandwidth will be found as an equivalent rectangular
band for a flat spectrum input. This equivalent bandwidth is given by
the following well-known equationg

B - ——1—_ f H 2 dw (D-1)
nl 25 l!.2 J R(jw)

where;

H = the maximum absolute value of

Hiw)
m R(jw)
%8%)- = the transfer function at the VCO output

To determine the noise bandwidth at the VCO ontput,rigure D-1,

the transfer function for the VCO output is %{f} , ands

B . XFRaKa® (0-2)
R(® 24 a+b)S+ad (1 + K, K, K)

WESTERN DEVELOPMENT LABORATORIES
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R(.)_*'.?_‘i'.’ — - x, K J—-.—c(.)
- st+a d s+b
H(s)
K -

v

Figure D-1. Circuit whose Closed Loop Noise Bandwidth
will be Determined.

If the following substitutions are made:

a+bd = ngn

2
ab (l-i-l(v Kd KA) = o
Equation (D-2) becomes:
K K, K, sb
H(s) _ _v _d A
R(s) 2 ) (@-3)

"+ % S + o

Letting S = jw in equation (D-3) yields:

H(4 i Kv ngA ab -4
R(Jw) -mz + 2 j;mn o+ u)nz

The maximum absolute value of HCw) in equation (D-4) is clearly:

R(JwW)
K, Ky Ky
m 1+ Kv Kd KA

P H ' L c o WESTERN DEVELOPMENT LABDORATORIES
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Substituting equations (D-4) and (D=5) into equation (D-1) gives:

2 o
. i} 1+ K, K, KA) f .2b2 oy ©-6)
nl 2x | 1-d e 25ta, wnzlz

or letting I stand for the integral!

dw
I = J[ % —— A (>-7)

2 2 2 2 :
o O to (Hw” -2w’)+o

The next step is to complete the square in the denominator of

equation ().7) g0 that the denominator can be factored:

I-f doy

4 2 2 . 2 4 16 o
e ® +o o -2W")+ta |- a
2 2 4

and:

1 - f da
J ] wﬂz(agz - 2 agzwna(@z - o
@ T2 } 4
D-3
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80:

dw

I = ~=

S [wszj @ -1+ 2 l-c]

[wz + a)nz @2?-1) - 23t w:“\/l - ;2]

The definite integral in equation (D-8) can be evaluated by contour
integration, as shown by the Residue Theorem of complex variable theory.
The Residue Theorem is stated as follows:

Let 1 be a closed curve on and within which g(z) 1is analytic
with the exception of a set of finite singularity points
(Zl, ZZ’ ceey Zn) enclosed by 1.

If Kl’ Kz, veeany K.n represent the residues cf g(z) at these
singularity points,then:

f g(z) dz = 2gxj (l(1+l(2+ ...+xn) (D-9)
1

vwhere the integration is taken in a counterclockwise sense
around 1.

The integral path of the complex function in equation (D-8) is taken
to be the real axis from + @ to - » with a semicircular curve at |2| = »
in the upper half-plane joining these ends of the real axis. '

To evaluate the integral of equation (D-8) through the use of

equation (D-9) in a straightforward manner, the denominator of equation
(D=8) is factored to facilitate finding the residues.

D4
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[wz +ral @0+ 20’ \/1 - ;z] [mz rol @?-1

-Zgwnz\ /1 -t ]

1l

(w - al)un - a) - 13)(w -a,)

where:

and;

Evaluating

PHILCO

(D-10)

CL0 - jB0

aO + 'wo

a.o + jao

the upper half-plane residues of equation (D-10) yields:

WESTERN DEVELOPMENT LABDORATORIES
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1
(12 - nl)(a2 - 13)(02 - 14)

1
e p, (o - 3B)

1
(a3 - 8) (a5 = 8))(a; - 2)

1
e B, (o + 3B )

2n} (K2 + K3) and therefore:

X
2 2
2 B, (a.o + B, )

n

2w,

3 (D-11)

Substituting the value for I given by equation (D-11) into equation
(D=6) gives:

PHILCO

D-6
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or since:
2
2.2 4
(1+KdeKA) a b w,
“n
Bnl "z in cps
x “n
and: wy = 3 E- in rad/sec (D-12)

Surprisingly enough, the rather formidable expression for closed
loop noise bandwidth appearing in equation (D-6) reduced to a simple
relation between this bandwidth, the natural frcquency, and the loop
damping as is demonstrated by equation (D-12).
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APPENDIX E
THRESHOLDS

E.1 CLOSED LOOP THRESHOLD

The selection of a threshold point is generally a difficult task
due to the arbitrariness associated with the selection. For purposes of
this discussion, the closed loop threshold will be designated as the
point at which a minute degradation in input SNR will produce the onset
of spurious noise or "crackling" at the output of the loop. This is
the same threshold definition used by Enloe (Ref. 3).

The problem is now defined as that of finding a mathematical
expression which relates the threshold with the loop parameters and
s ome measureable quantity. A logical starting point in the quest is
to find the effective SNR into the loop. This is simply (Ref. 5):

p, = —G.LL. (3'1)

where
Ac = peak signal voltage

No = noise power spectral density
BNRF = noise bandwidth (double-sided)

Py =72 NT B (E-2)
where

N;. = normalized noise power spectral density.
2
1 =
N°. NO/Ac
As far as the loop is concerned, only the noise within the loop noise

bandwidth has any effect, and thenoise bandwidth Bnl is given by
equation (D-1) in Appendix D; i.e.,

E-1
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nl

B, = m:.l_ .f ’Hﬁlz‘"’

where

Hm = the maximum absolute value of H (jw)
H(jw) = VCO output transfer function.

The equivalent input SNR from equation (EB-2) is them in bandwidth

"9
Bnl:
p =l
1 L )
2 N"B (E-3)
o nl
Moreover, the rms phase error at the VCO output is:
2 % [ iaw
- 2
# rms 2x f R (jw) dv
-0l
or; N = 2% 4!2551
o
H (fw) 2dw (B-4)

- R (jw)
Substituting the right side of equation (E-4) for N: into equation
(E-3) and simultaneously replacing Bn
right side of equation (D-1) yields:

SR He (E-5)
rms

In terms of loop parameters, Km is given by equation (D-5),

K K, K
i,e., H= Ifi-gi-!i . I1f one defines P, which is known as the
v d a

feedback factor, so that 1 + Kv ‘d K.- r, Bm becomes:

(E-6)
e E1
"TTF
Placing the equality expressed expressed by equation (E-6) into

equation (E-6) gives the following result:

1 in equation (E-3) with the
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- 2 !
o, = —g <rp1> (E-7) |
24" rms
Enloe's experiments (Ref. 3) on feedback discriminators indi-
cate that spurious noise appears at the output of the loop when ¢ Tmy
3 il radius, Using his results along with equation (E-7), the
closed loop threshold SNR, Pier 18t
2
piT = 4.8 _l?_;,l_> (E-8)

Equation (E-8) is useful in designing and analyzing feedback
discriminators because it explicitly relates input ¢losed loop
threshold SNR to the feedback factor F.

E.2 OPEN LOOP THRESHOLD

In addition to contending with a closed loop threshold, the
designer must cope with an open loqp threshold produced by the
discriminator. In fact, the.SNR into the discriminator must
be sufficient to ensure that the discriminator is operating above
its threshold,or the closed loop threshold considerations analyzed
in Section E.l are invalid and the open loop threshold holds sway

over the loop operation.

The discriminator threshold, or the open loop threshold, is
defined as being the point at which any decrease of discriminator
input SNR will cause the output SNR to be significantly less than the
output SNR predicted by the standard FM improvement formula; i.e.,

B
p, =302 ML, (E-9)
2 ¢
m

vhere £ = modulation index
Byip = IF noise band width (low pass equivalent)
fn = highest modulation frequency
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Stumpers (Ref. 6) has published discrimimnator curves from which
one can ascertain the threshold. 1In his curves, Stumpers has plotted
input noise-to-signal ratio vs. output noise energy for various ratios
of IF bandwidth to modulation frequency. (Figure 3 in Stumper's article
can be applied to any IF filter configuration if A @ is taken to be
the noise bandwidth of the filter).

Discriminator threshold for several ratios of IF noise bandwidth
to modulation frequency are given in Table E-1.

To ascertain whether open loop threshold is satisfied for a particular
loop design, the closed loop threshold is determined from equation (E-8),
and the noise bandwidth of the loop is also calculated. (See Appendix
D.) Obviously, the minimum SNR applied to the discriminator will be
at the time when the loop SNR input is Py
ed above the threshold.

T assuming the loop is operat-
»

Moreover, the noise density producing a SNR or piT in a noise
bandwidth of Bnl will give a SNR of piT B:I in & noise band-
width B. Consequently, the SNR at the input to the discriminator is:

By
iT BNIP (E-10)

P =P

io

vhere
pio = discriminator imput SNR

Expressed in decibels, equation (E-10) isg

B
10 log o Py, = 10 log,, ("u _m__) E-11)
NIF

Equation (E-11) is evaluated, and this result is compared with
the appropriate entry in Table E-1, i.e., for the proper ratio of IF
noise bandwidth to highest modulation frequency. (Extrapolation can
be used for in-between values.) If the SNRAdecibels obtained from
equation (E-11) exceeds the threshold value from Table E-1, the open
loop threshold has been satisfied; if not, the open loop threshold has
not been satisfied, and the actual closed loop threshold will not be
the threshold predicted by equation (E-8).

-4
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TABLE E-1

VALUES OF DISCRIMINATOR INPUT SNR AT THRESHOLD FOR VARIOUS RATIOS OF

BNIF TO fm
IF Noise Bandwidth equivalent | Discriminator Inmput SNR at
fm Thresholds
2 6 db
5 " 8db
8 " 10 b |
15 12 db
25 13 db
E-5
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APPENDIX F
FEEDBACK DISCRIMINATOR DESIGN

F.1 GENERAL

This appendix is devoted to development of the equations used in
designing two-pole feedback discriminators. The first of these equations
to be derived is the equation relating the effective p in the IF portion
of the loop, denoted BIF’ with the feedback factor F and the input 8,
defined as BRF

The signal applied to the IF is simply the output of ‘the mixer which
is E(s) in a linearized loop (See Fig. A-4 in Appendix A). Now one finds
the amount (t) changes, e(t) -5.'1 E(s), for a given change in the input
frequency. This has already been determined in equation (C-13) of Appendix

C, and since only the steady state value is of interest:

2 2 2 2
W + (ab - Wy (F-1)

2,2, w2-w 2
m n m

L2
e(t) s fd 4t w,
Iogjzwn

’

Defining F so that wnz = N sz, Equation (F-1) becomes for Fz > 1:

e(t)“ ~ — (F-2)

But the IF frequency shift is e(t)“ or AfIF = e(t)“ while the RF
frequency shift is Af__ f

RF x
Afm? \’ 2
then Afn, -5 ZgN2 + 1)
N
hence B, = Par_ 2% + 1
N
anr 2
or F = ﬁ—. 2(N" + 1)
IF NZ (F=3)
F-1
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{ Equation (F-3) expresses the desired relation between F, BRF and
bIF' The next relation that will be obtained 1; the connection be-
tween F and the ratio of IF to low pass bandwidth. N is defined.to
be this bandwidth ratio. Before proceeding with the derivations, the
following definitions will be restated:

faY
a+b 2§u%

a 2
s W
n

abPF

: Substituting a = Nb:

b (1+0N) = 28w (F-4)

2 2
and b” NF @ (F=-5)

Solving equations (F-4) and (F-5) for N yields:

Ne2t 2p-1+20 [¢2F*-F (F-6)

Moreover, in order for the closed loop threshold to predominate
(See Appendix E), the closed loop noise bandwidth must exceed the IF
noise bandwidth by some factor. The value of this factor is determined
by F, Bnl’ and BNIF; but Bnl
circle. If b = @ then N = BIF. If the open loop threshold require-

is in turn a function of N, completing the

ment is not met, then either the chosen ratio between closed noise band-
width and IF noise bandwidth must be increased or a larger F, which in
turn reduces BIF’ must bc used.

Assuming B ; Byrp

Al®
v
-
=
=
3
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W
B, ™ zf from equation (D-12) in Appendix D. The noise band-

width of a single pole filter is about 1.57 times the 3 db bandwidth.
One-half the IF 3 db bandwidth is equal to a [?ee Equation (A-13i]
vwhich in turn is equal to Nb, and therefore one-half the IF db band-
width is:

Then the IF noise bandwidth, considering a two-sided noise spectrum
is:

= L F"7
BNIF 2 “n N/F (F-7)

Substituting the right side of equation (F-7) into equation (F-6)
gives:

&8
v
|

:1'57 @ VN/F (P-8)

F-3

WESTERN DEVELOPMENT LABORATORIRS



PHILCO

WDL=1H62«", .

Solving equation (F-8) for { ;

¢ S 12 \/en

Now letting ¢{ s 1/2 \'/r/u in equation (F-6) gives the result that:

NS p-1 (F-9)
Equation (F-8) expresses N as a function of F for the case when
closed loop noise bandwidth is equal to or greater than the IF noise
bandwidth.

N S

e
= |3

F > <
2 1 holds for BNI - Z’NIP , and [

The IF bandwidth is determined by the modulation frequency and
BIF « Assuming sinusoidal modulation, the IF time varying voltage is:

Qn(t) = Asin (@ t+ Bip sin a)_t) (F-10)

where;
er - IF voltage
A = peak IF voltage

w = center IF frequency

Equation (F-11) can be expanded using the relations sin (A + B) = sin A
cos B+ cos A sin B into:

cu,(t) . A [sin mot cos BIP (sin a)mt) +

cos a t sin BIP (sin m-t)] (F-11)

F-4
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but:

cos BI? (sin o’mt) = Jo (BIF) + 2 J2 (BIF) cos 2 e

+ 2 J4 (BIF) cos 4“’mt+ and ......

sin BIF (sin wmt) = 2 Jl (B sin o,

IF) t

+ 2 Jq (BIF) sin 3 Wop Areoecerees

Jn (BIF) represents a Bessel function of the first kind and order

n with argument B Therefore, equation (F-11) becomes:

IF °
en,(t) = A {Jo (BIF) sin wot

+ Jl (BIF) [sin (mot: + a)m) t - sin (wo - a)m) t]

+ J2 (BIP) [sin (wo + 2 u)m) t + sin ((no - 2 mmt)]

+ } (F-12)

In equation (F-12), Jo (BIF) is the carrier amplitude and Jn (BIF)
i3 the amplitude of the n~ sideband. In order to determine the required
IF bandwidth for a given BIF’

are evaluated for thal BIF » and only the sidebands having significant

the Bessel functions in equation (F-10)
amplitude need be passed by the IF filter. For example, if BIF = 2:
I, (2) = 0.2239
J1 (2) = 0.5767

J, (2) = 0.3528

F-5
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J3 (2) = 0.1289
J4 (2) = 0.03400, etc. (Ref. 7)

Hence, when BIF = 2, ‘sidebands whose order exceeds 3 can be neglected

s

In Appendix F, an expression relating F, BRF and BIr is embodied

in equation (F-3), and equation (F-7) relates N to F. Additionally, the
method of determining BIP has been derived.

because their amplitudes are small, and B
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APPENDIX G

SNR PROPERTIES OF
STANDARD AND FEEDBACK DISCRIMINATORS

As the first step in examining the SNR characteristics, the deter-
mination of the bandwidth required by any given f will be found.
Equation (F~10) of Appendix F is generalized by letting g = BIF’ w; s @,

and e = eIF' When this is done:

e = A {Jo ®B) sin axt +

Jl ®) l:sin (wc + u)m) t] +

J2 ®) [sin (a)c + 2 wm) t + sin (a)c - wmt)]

+ .....} (G-1)

Equation (G-1) is evaluated (Ref. 7) for various values of P ,
and the sidebands whose Bessel function co-efficients are less than
0.03 are disgarded; the result is shown in Figure G-1 where required
bandwidth divided by £ 1s plotted as a function of B . Figure G-1
can be used to find the required information bandwidth for a given
value of B, 1f P is between zero and 20. Moreover, the information
bandwidth found from Figure G-1 is also the noise bandwidth, and this
noise bandwidth will be used in determining the signal to noise ratio

improvement resulting from the use of frequency feedback.

The output SNR for a standard discriminator is derived by Schwartz
(Ref. 5) and is:
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2
?_Eiﬂ_@LiJ) 4] (G 2)
(o] = " -
1
° 2qn
where
po = output SNR
pl = input SNR

input noise bandwidth (low pass equivalent)

2P
a8

The value of 5NIP in Equation (G-2) is equal to the required
information bandwidth, assuming ideal square filtering.

Equation (G-2) expresses the output SNR for a standard discriminator,
and now an equation expressing the output signal to noise ratio of a
feedback discriminator will be found. Assuming the time varying voltage
(no noise) applied to the loop is:

£

d
e, (t) = A_sin (wc t + i cos wmt) ,

the equivalent frequency input (see Appendix A) is:

f = fd sin @t (G-3)

Taking the Laplace transform of equation (G-3) yields:
fd u&

F, (8) = ——H— (G-4)
1 82 + wﬁ

The loop transfer function at the low pass filter output is
obtained from Appendix B, and it is:
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Kd K. ab

(10 M , (G-5)
R(s) s + o + mﬁ

vhere C(8) and R(s) are defined in Figure A-4 of Appendix A.
R(s) is the equivalent frequency input which is equal to F(s),
(8) in this case. C(8) is taken to be the output signal. Therefors,

f“1 a)m Kd K. ab
Clo) « 9 2 L2 2 (©-6)
s+ s+ 2w S +
m n n

The steady state output voltage (in the time domain) is obtained
by taking the inverse Laplace transform of equation (G-6),

f. K, K, ab

or e = d 4 d sin (mmt-l-v) G-7)
P 2(»2‘”2+ (w _mz)z
m
£
But since Bu. ="F equation (G-7) becomes:
m
Byp £y Ky Ky 8b sin (m +¥)

C 2 2 2 2 2\ 2 ©-8
\Il.; wm+<;n-a>m)

The normalized output signal power (based on a 1 0 load) is simply

the square of the ms value of P, in equation (G-8); signal power is:

2
Bop £. K, K, a° b
A d
P_. out = 4 ~ (G-9)
s wlat o+ (af - al)
n m n m

Now that the signal power has been determined, it is only necessary
to derive the output noise power in order to find output SNR. The
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technique used to ascertain available output noise power is findipg the
equivalent input noise power spectral density and multiplying it Py the
closed loop noise bandwidth. Of course, this approach is predicted on
the assumption that the input noise has a flat spectrum.

Recalling from Appendix A, that the input SNR is:

AZ
P, = (G-10)
i 2 uc'.v 5m
Where
Ac = carrier amplitude
No = noise power spectral density

Equation (G-10) is nommalized by dividing numerator and denominator
of the right side of A: so that it becomes:

o, — (6-11)

2“6%

S 2
NO/AC

and
N is in (cps)-l

N; in Equation (G-11) is the normalized noise power spectral demsity.

From Appendix A, the equivalent noise power spectral density for a
frequency input is:

£ N o2 :
Gf(f) 2 —-—LAz or Gf(m) s 7‘1——— 'o
c .

G-4
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but: .
' ——————
No H 12 ﬂNRF
Hence,
G = 8120): B
i " NRF

If a rectangular post-detection filter having a bandwidth of fn filters

the loop output, then the output noise power is:

w
1 " | e_(w) 2 2
PN:anzpa f R(J‘”>‘m7’7
i PNRF -
m
(G-12)
but:
I:{wl'z ) azbzl(: x:
R(jw) -

2_2)?' 2 2
(@h w + 4 «

2
c(jw)
R(j®) is inserted into equation

(G-12), evaluation of the integral is exceedingly difficult. However,

When the above substitution for

if a post-detection filter having a finite number of poles is used, the
integration limits are - ® to + « , and then the integral is found
by contour integration as was done in Appendix D. Using this method,

Pn is:
22l il
P, = (G-13)
L 12:3 o] aﬁ
Bwr Py %n
G-5
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The output SNR of a feedback discriminator is found by dividing equation
(G-9), which is output signal power for sinusoidal modulation, by
equation (G-13). The result is:

24
Nl!‘

(5 f (G-14)
[A;Zw o + (w . Z)T

Equation (G-14) is simplified if the assumption that mn > © is

made, and this assumption is generally valid since N is constrained
so that,

N < % - 1 (See equation (G-7) of Appendix F.)

With @ >> @ » equation (G-14) becomes:

3 §Bar fm) 2 4
: _
w

G P @19

But a): s 8x3 fi » 80 equation (G-15) reduces to:

3 B «

ﬁ NRF

Py~ =3 (—--f—>pi
m .

(G-16)

In Appendix G, three main aspects of SNR properties have been considered.
Firstly, Figure G-1 is a plot of required open loop bandwidth for values
of P between zero and 20. Equation ( G-2) expresses output SNR of

a standard discriminator; Equation (G-16) the output SNR of a feedback
discriminator with post-detection filtering.
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APPENDIX H
EXPERIMENTAL RESULTS

[P,

H. 1 GENERAL

The objectives of the experimental work were to verify that a

e §

feedback discriminator does indeed have a frequency compression prop-

JE——

erty and that it has a lower threshold than a conventional discrimin-
- ator. In addition, the damping factor, p, and undamped natural
!E angular frequency, W

nl
theoretical parameter values.

were measured and compared with calculated

A spectrum analyzer verified that a feedback discriminator does

]‘ compress its input frequency spectrum.

P Enloe's and Chaffee's closed loop threshold criteria were used;
i.e., threshold occurs when one hears a '"pop'" approximately every
second through earphones attached to the loop output. Thus, a closed
loop threshold SNR of approximately 6 db in Bnl’ closed loop noise
bandwidth, was measured. A standard discriminator would have had,
approximately,a 10 db threshold (Bnl =~ BNRF in this experiment).
The damped factor's measured value was 0.37, in close agreement with
the calculated value of 0.376. The undamped natural frequency, wn/2 n
measured 23 kc, compared with a calculated value of 20 kc. Relative
i' closed loop output as a function of angular frequency is plotted on
Fig. H-1.

fi=1
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